The Agrodiaetus dolus species group includes cryptic species that have similar external morphology but can be distinguished by their species-specific karyotypes. At the same time, cytogenetic analysis of these butterflies is difficult because of extremely high chromosome numbers. The application of common techniques, such as squashed and spread preparations, usually yields inaccurate chromosome counting and, consequently, results in incorrect taxonomical conclusions. To overcome this problem, we combined cytological and molecular data. The former was obtained with a new cytological technique that allowed us to examine intact (notsquashed) metaphase plates and to distinguish all chromosomes in the chromosomal complement. The latter was obtained from published mitochondrial sequences that were used to calculate genetic distances between taxa. While the taxa ainsae and fulgens are generally considered as separate species, here we show that no characters exist that support this hypothesis. As a consequence, we propose several taxonomic changes within the A. dolus species complex and show that this group consists of the following species: A. dolus with haploid chromosome number n=122-125, A. fulgens (n=108-110) and A. fabressei (n=90). The following new combinations are suggested: A. fulgens ainsae comb. n., A. fulgens pseudovirgilius comb. n., A. fulgens leonensis comb. n. and A. fulgens magnabrillata comb. n.
Introduction
From the point of view of evolutionary biology, the genus Agrodiaetus Hübner, 1822 is a very interesting group of butterflies. It displays one of the highest known rates of species diversification (Coyne & Orr 2004 ) and karyotype evolution (Lukhtanov et al. 2005 ) among all animals. The genus originated about 2.5-3.8 million years ago and radiated rapidly with more than 100 species distributed in the Western Palearctic (Kandul et al. 2004) . From the point of view of taxonomy, Agrodiaetus is a complicated group with numerous cryptic species; however, there is exceptional interspecific karyotypic diversity, with haploid chromosome numbers ranging from n=10 to n=134 (Lukhtanov et al. 2005) .
Karyotyping may provide the only reliable diagnostic character for many Agrodiaetus species, and as such has become a necessary requirement for describing new taxa (de Lesse 1960 , Lukhtanov & Dantchenko 2002a , Lukhtanov et al. 2003 . However, Lepidoptera chromosomes are likely to have holokinetic organization (Wolf et al. 1997) and, therefore, they exhibit a very limited number of characters that can be used as markers (De Prins & Saitoh 2003) . In spite of recent progress in the research of Lepidoptera genomes (Rego & Marec 2003 , Sahara et al. 2003 , chromosome number remains indeed the single cytological character that can be used universally in butterfly taxonomy (Lorkovic 1990; Stekolnikov et al. 2000; Lukhtanov et al. 2003) . Chromosome counting is difficult in Agrodiaetus due to their extremely high chromosome numbers. Furthermore, the common technique of squash and spread chromosome preparations frequently results in inaccurate chromosome counting and may lead to incorrect taxonomic conclusions.
To overcome these limitations, we combined two approaches in our study: first, we used a new cytological technique that allowed us to examine intact (non-squashed) metaphase plates and to distinguish all chromosomes in the chromosome complement. Second, we used published molecular data to calculate mitochondrial genetic distances between taxa. The combination of cytological and molecular approaches resulted in a powerful taxonomic tool, as we demonstrate in the case of A. dolus species-group.
According to Eckweiler & Häuser (1997) and Verhulst (2004) , A. dolus species-group includes the following taxa: dolus Hübner, [1823] ; vittatus Oberthür, 1892; virgilius Oberthür, 1910; gargano Wimmers, 1931; fulgens Sagarra, 1925; ainsae Forster, 1961; pseudovirgilius de Lesse, 1962; and leonensis Verhulst, 2004 . These taxa form a complex of closely related species and geographic races within the genus Agrodiaetus (Forster 1961 , de Lesse 1962 , Eckweiler & Häuser 1997 , Verhulst 2004 . The taxon magnabrillata Gómez-Bustillo, 1971 is considered by Verhulst (2004) a synonym of pseudovirgilius de Lesse, 1962 . In addition, molecular phylogenetic data from Wiemers (2003) and Kandul et al. (2004) suggest that A. fabressei (Oberthür, 1910) should be included in this complex. This species clusters within dolus species-group in the recovered phylogenetic trees, with the topology: dolus+(fabressei+(fulgens+ainsae)) ( fig.1) (Wiemers 2003 , Kandul et al. 2004 . All these taxa are allopatric and restricted in their distribution to localities in south-western Europe: to Italy (virgilius and gargano); southern France (dolus and vittatus); the western Pyrenees and the Cantabrian mountains in northern Spain (ainsae, pseudovirgilius and leonensis); Catalonia in north-east Spain (fulgens); and central and south Spain (fabressei) (Forster 1961 , de Lesse 1962 , Munguira et al. 1995 , Verhulst 2004 .
The main problem in the systematics of A. dolus species-group is the position and taxonomic status of fulgens. This taxon was originally described by Sagarra (1925) as a race of A. dolus based on small morphological differences: a somewhat bluer male wing upperside, darker brown female upperside, and darker underside with contrasted and larger ocelli in both sexes. In more recent publications it has been treated interchangeably as a subspecies of A. dolus (Forster 1961 , Higgins & Riley 1970 , Tolman 1997 , as a different species (Munguira et al. 1995 , De Prins & Iversen 1996 or as possibly a different species (Eckweiler & Häuser 1997) .
The basis for treating fulgens as a species was a presumptive difference in karyotype -its chromosome number was estimated as n®103 by Munguira et al. (1995) . It is well established that dolus has n=123-125, vittatus has n=124-125, virgilius and gargano have n=122, ainsae has n=108-110 and pseudovirgilius has n=108 (de Lesse 1961 (de Lesse , 1962 (de Lesse , 1966 . Furthermore, the number of distinct macrochromosomes in three of these taxa were supposedly different: four pairs of macrochromosomes (=four bivalents in the first metaphase of meiosis, MI) for dolus, two pairs of macrochromosomes (=two bivalents in MI) for ainsae, and six pairs of macrochromosomes (=six bivalents in MI) for fulgens (Munguira et al. 1995) . However, Munguira et al. (1995) did not determine the karyotype of A. fulgens with the same degree of accuracy as those of other taxa in the A. dolus species-group (see Discussion for a detailed comparison of methods used in each case and consequences for the accuracy of results). In this study we re-examined the karyotypes of taxa from the A. dolus species-group and compared the degree of genetic differentiation between them.
Materials and methods

Samples
We treat Agrodiaetus as a genus in this study following the arrangement of Kandul et al. (2004) . However, it has been recently treated as a subgenus within Polyommatus Latreille, 1804 (Eckweiler & Häuser 1997) . Subspecific taxonomy of the A. dolus complex follows Eckweiler & Häuser (1997) and Verhulst (2004) .
Specimens of the taxon fulgens were collected in El Brull, 830 m, Barcelona, Catalonia, NE Spain (GPS position data: N41°448.537p/E002°17.763p, 16.VII.2003 ). This locality is situated about 80 km from the type locality of fulgens (Sta. Coloma de Queralt, Tarragona), and less than 7 km from the locality where Munguira collected the specimens that he used for karyotype analysis (Munguira et al., 1995 
Karyotyping
Only fresh adult males were used for karyotyping. Butterflies were collected in the field and kept alive in glassine envelopes. In the laboratory, butterflies were killed by pinching on the thorax and testes were removed from the abdomen and immediately placed into a 0.5 ml vial with freshly prepared Carnoy fixative (ethanol and glacial acetic acid, 3:1). Bodies were placed into a 2 ml plastic vial with 100% ethanol for DNA analysis and wings were stored in glassine envelopes.
Gonads were stored in the fixative for 15 months at 4°C and then stained with 2% acetic orcein for 30 days at 20°C. We used a two-phase method of chromosome analysis following Lukhtanov & Dantchenko (2002b) . In the first phase, stained testes were placed into a drop of 40% lactic acid on a slide where spermatocysts were dissected from gonad membranes using entomological pins. Intact spermatocytes were transferred into a new drop of 40% lactic acid and covered with a coverslip. A Carl Zeiss Amplival light microscope was used for cytogenetic analysis. During the metaphase I stage, each spermatocyst was observed as a regular sphere consisting of 64 spermatocytes. In the second phase, different degrees of chromosome spreading were observed by gradually increasing pressure on the coverslip. The second phase was useful for studying the bivalent structure and counting the bivalent number. By scaling up the pressure on the coverslip, we were able to manipulate chromosomes, e.g. change their position and orientation on the slide, and consequently to resolve controversial cases of contacting or overlapping bivalents. Chromosome preparations are stored in the Department of Entomology of St. Petersburg State University, Russia. Butterfly bodies in ethanol and wings in glassine envelopes are stored in the DNA and Tissues Collection of the Museum of Comparative Zoology (DTC-MCZ), Harvard University, Cambridge, MA, USA.
Mitochondrial DNA polymorphism
We obtained nucleotide sequences (about 1890 bases each) covering three mitochondrial genesCytochrome Oxidase subunit I (COI), tRNA-leu and Cytochrome Oxidase subunit II (COI) -from GenBank for the taxa ainsae and fulgens (Table 1) . Additionally, several nucleotide sequences of COI (about 680 bases each) were obtained from the Internet site of the Bonn University (http://hss.ulb. u n i -b o n n . d e / d i s s _ o n l i n e / m a t h _ n a t _ fak/2003/wiemers_martin/wiemers.htm). Uncorrected "p" genetic distances were calculated in PAUP* 4.0b10 (Swofford 2000) ignoring the sites with missing or ambiguous data.
Abbreviations used in the text:
ca -circa, approximately determined chromosome number. DTC-MCZ -DNA and Tissues Collection of the Museum of Comparative Zoology (Harvard University, Cambridge, MA, USA). MI -first metaphase of meiosis. MII -second metaphase of meiosis. n -haploid chromosome number. 2n -diploid chromosome number.
Results
Karyotype of the taxon fulgens
The haploid chromosome number of A. fulgens was determined as n=109 (Table 2) . Two or three bivalents were especially large, three to five bivalents were of medium size and 102-104 bivalents were small in a MI complement (figs 2-5). Biva-lent 1 was only slightly larger than bivalent 2, and the latter was 1.2-1.4 times larger than bivalent 3. The number of "large" and "medium" bivalents observed on preparations was variable, and the difference between "large" and "medium" and between "medium" and "small" bivalents was not sharp. In fact, although the bivalents were strongly differentiated with respect to their size, it was difficult to divide them objectively into groups according to their sizes, since the size range of all 109 bivalents decreased more or less linearly.
Karyotype of the taxon ainsae
The chromosome number of the taxon ainsae was determined as n®108 (Table 2) , including 2-3 large bivalents, 3-4 medium bivalents and numerous small bivalents. This karyotype had a similar structure to that of fulgens. Although the bivalents were strongly differentiated with respect to their size, it was difficult to divide them objectively into discrete size groups, since all bivalents decreased in size more or less gradually, and their apparent 328 Lukhtanov, V. A. et al. INSECT SYST. EVOL. 37:3 (2006) 
Karyotype of the taxon fabressei
The haploid chromosome number of A. fabressei subbaeticus was determined as n=90 (Table 2) . Three bivalents were especially large (figs 6-7) in the MI complement. Bivalent 1 was only slightly larger than bivalent 2, and the latter was 1.4-1.8 times larger than bivalent 3. In general, our results for A. fabressei subbaeticus (n=90, three large bivalents) agree with the results of Munguira et al. for this subspecies (Munguira et al., 1995: Fig. 4 ) and for A. fabressei fabressei (Munguira et al. 1995 : Fig. 2 ). According to de Lesse (1960: fig.   2c ) A. fabressei fabressei also has n=90, but two large and two medium bivalents (this is an original interpretation by de Lesse).
DNA polymorphism and divergence
A comparison of overlapping regions of mitochondrial DNA sequences from fulgens and ainsae revealed no or very few nucleotide substitutions, both in intra-taxon (ainsae-ainsae, fulgens-fulgens) and inter-taxa (ainsae-fulgens) comparisons (Table 3 ).
Discussion
Our karyotypic data confirmed previous results that were obtained using the paraffin section technique (de Lesse 1960 (de Lesse , 1961 (de Lesse , 1962 (de Lesse , 1966 . However, we were not able to confirm the published karyotype data for the taxon fulgens that were obtained using the more modern squash method (Munguira et al. 1995 , Wiemers 2003 . Analysis of the results from this study leads us to conclude that disagreement between our karyotypic data and that of Munguira et al. (1995) and Wiemers (2003) for fulgens depends on the cytological technique used. The position of bivalents in intact (not-squashed) spermatocytes of Lepidoptera is highly ordered (Lukhtanov & Dantchenko 2002b) . All bivalents are situated in a MI plane with the largest ele- INSECT SYST. EVOL. 37:3 (2006) Rearrangement of Agrodiaetus dolus species group 329 (Lukhtanov & Dantchenko 2002b) . The count of bivalents in such regular metaphase plates is not a difficult task. The old-fashioned cytological technique of paraffin sections (de Lesse 1961 (de Lesse , 1962 (de Lesse , 1966 did not damage the native symmetric structure of metaphase plates and allowed a precise count of bivalents. More sophisticated techniques of chromosome preparation like squash and spread methods (see Macgregor & Varley 1983) provide better resolution for studying the morphology of individual chromosomes, but they destroy the intact structure of metaphase plates as a whole. This results in a chaotic arrangement of chromosomes and bivalents in preparations, usually with numerous overlaps that make it difficult to count the number of bivalents consistently. This phenomenon is not a problem if the chromosome number is relatively low and chromosomes do not overlap at least in a few metaphase plates. However, the proportion of plates without chromosome overlaps decreases dramatically in preparations of karyotypes with high chromosome numbers, and the probability of finding perfect cells and precisely determining a chromosome number is reduced considerably. Another problem of squash preparations is the difficulty of distinguishing between bivalents and univalents (see fig. 8 ). In fact, squash or spread methods are inappropriate for an initial examination of species with high chromosome numbers because nearly every examined cell will have a metaphase plate with a few overlapping bivalents. In the case of A. fulgens the application of the squash technique resulted in an inaccurate determination of the haploid chromosome number, n®103 (three specimens: Munguira et al. 1995) ; n®98-103 (one specimen) and n>90 (one specimen: Wiemers 2003) . In our analysis, we used an original method of chromosome preparation that combines the advantages of section and squash techniques. The chromosome number of fulgens was determined as n=109 and therefore does not differ significantly from n=108-110 found in the taxon ainsae (de Lesse 1962). We could not confirm the putative difference between ainsae and fulgens in the number of so called "macrochromo- (2003) and Kandul et al. (2004) . Male upper side wing colour is indicated.
Figs. 2-8. Agrodiaetus karyotypes. Scale bar corresponds to 10 µm in all figures. Fig. 2 . Agrodiaetus fulgens fulgens (RV-03-H442). Pole view of an intact MI plate (n=109). All the bivalents are situated in plane with the largest elements in the centre of the circular metaphase plate and clearly separated from each other by gaps. Three large bivalents can be recognized. The third bivalent has a perpendicular orientation to the microtubules of the spindle and looks like a "large" bivalent. Fig. 3 . Agrodiaetus fulgens fulgens (RV-03-H442). Pole view of a slightly squashed MI plate (n=109). The position of bivalents remains similar to that in intact cells. Two large bivalents can be recognized. The third bivalent has a parallel orientation with the microtubules of the spindle and looks like a "medium" bivalent. Fig. 4 . Agrodiaetus fulgens fulgens (RV-03-H442). The picture shows the same MI plate as in Fig. 3 and demonstrates the next step of gradually squashing the preparation. The relative position of the bivalents is altered; nevertheless, the spindle remains intact and the microtubules of the spindle prevent the bivalents from coming into contact with each other. Fig. 5 . Squash preparation of Agrodiaetus fulgens fulgens (RV-03-H442) MI plate (n=109). The arrows indicate four pairs of bivalents that have merged thereby making the count uncertain. Two bivalents in the center of the plate are larger than all other elements. In general the difference between "large", "medium" and "small" bivalents is not readily apparent. Bivalents are strongly differentiated with respect to their size; however, it is difficult to divide them objectively into size groups since the range in size of all of 109 bivalents decreases more or less linearly. Fig.  6 . Agrodiaetus fabressei subbaeticus (RV-03-H558). Pole view of a slightly squashed MI plate (n=90). The position of bivalents remains similar to that in intact cells. Three large bivalents in the center of the metaphase plate can be recognized. Fig.7 . Squash preparation of Agrodiaetus fabressei subbaeticus (RV-03-H555) MI plate (n=90). Three bivalents in the center of the plate are larger than all other elements. In this squash preparation all bivalents are clearly separated from each other except for the pair indicated where it is difficult to distinguish between bivalents or univalents. Fig. 8 . Squash preparation of Agrodiaetus fulgens ainsae (RV-03-H932) diploid cell (2n=ca216). Two pairs of large chromosomes and four pairs of medium chromosomes can be recognized.
somes". According to our data, the taxa fulgens and ainsae have the same number of large and medium chromosome pairs (bivalents). Thus, chromosome numbers, as well as the structure of karyotypes, are indistinguishable in ainsae and fulgens at the current level of cytogenetic analysis.
The karyotype identity does not exclude the possibility that ainsae and fulgens may represent two genetically differentiated taxa. However, the nucleotide sequence data indicate that this is likely not the case. A comparison of mitochondrial DNA sequences from several specimens of ainsae and fulgens revealed no or very few differences between them (table 3) . Genetic distances are sim-ilarly low in intra-taxon (ainsae-ainsae, fulgensfulgens) and inter-taxa (ainsae-fulgens) comparisons, well within the range of intraspecific variability in other traditionally recognised species of Agrodiaetus (see nucleotide sequences from Wiemers, 2003; Kandul et al., 2004; Lukhtanov et al., 2005) . Thus, the molecular data discussed do not support the treatment of ainsae and fulgens as two different species.
Morphological differences between fulgens, ainsae and dolus are subtle and identification is difficult. There seem to be trends, but also a degree of variability that results in an overlap of characters in individual specimens of the three taxa (Munguira et al. 1995) . Additionally, there are no known life history differences that could help to separate these three taxa: they all feed on Onobrychis viciifolia Scop. (Fabaceae), are univoltine, and hibernate as larvae (Munguira et al. 1995 , Tolman, 1997 .
In the light of the cytogenetic data obtained, as well as current molecular, distributional, biological and morphological data, the conspecificity of the taxa ainsae (n=108-110), pseudovirgilius (n= 108) and fulgens (n=109) is the most plausible taxonomic hypothesis. Agrodiaetus fulgens (Sagarra, 1925) is the correct name for this taxon according to the principle of priority of the International Code of Zoological Nomenclature. At the same time, there is a good reason to consider A. fulgens and A. dolus as distinct species from the point of view of the phylogenetical species concept (Cracraft 1989) because they have consistently different karyotypes. Moreover, recent molecular phylogenies of Agrodiaetus suggest that A. fabressei, a morphologically (especially male wing colour) and karyotypically (n=90) differentiated species, could be the sister species of A. fulgens (including ainsae), with A. dolus being the sister to both of them (Wiemers 2003 , Kandul et al. 2004 (fig. 1) .
Thus, A. fulgens is apparently present only in N. Spain and A. dolus in S. France and Italy, being separated by the Pyrenees. On the basis of minor differences in wing colouration, A. dolus is usually divided into four subspecies (Eckweiler & Häuser 1997 ) (see the list below). On the basis of karyotypic data, A. dolus consists of two groups of populations with a small but fixed chromosomal difference between them: the populations from France have n=123-125, with 124 as a modal chromosome number, and the populations from central Italy have n=122 (de Lesse 1966).
As mentioned above, differences among populations of A. fulgens are subtle and seem not stable. Therefore, the taxa ainsae, pseudovirgilius, magnabrillata and leonensis, might be synonymized with A. fulgens. However, until a detailed phylogeographical and morphological analysis covering all the taxa of this complex is performed, we prefer to follow the arrangements of other authors (Forster 1961 , de Lesse 1962 , Eckweiler & Häuser 1997 , Verhulst 2004 ) who treated them as distinct subspecies: A. fulgens fulgens in Catalonia (provinces of Barcelona and Tarragona); A. fulgens ainsae comb. n. in the provinces of Navarra, Zaragoza, Huesca and Lleida; A. fulgens pseudovirgilius comb. n. in Cantabria, Burgos, La Rioja, Palencia, and Navarra; and A. fulgens leonensis comb. n., recently described by Verhulst (2004) with specimens from an even more western region (province of León). A. fulgens magnabrillata comb. n. is a synonym of A. fulgens pseudovirgilius according to Verhulst (2004) . The validity and distribution limits of these taxa, but especially of pseudovirgilius, magnabrillata and leonensis, is especially controversial and requires clarification.
A. fabressei was divided into two subspecies by Munguira et al. (1995) : A. f. fabressei, distributed in central Spain, and A. f. violetae Gómez-Bustillo, Expósito & Martínez, 1979 , from SE. Spain (Sierras de Cazorla-Segura, Sierra de la Sagra y Sierra de Alcaraz) and S. Spain (Sierra de la Almijara, the type locality of violetae). Recently the taxon violetae was rediscovered at Almijara after more than 20 years by Gil-T. & Gil-Uceda (2005) . They concluded that it represents a distinct species with yet unknown karyotype and taxonomic position, and that the specimens studied by Munguira et al. (1995) are not violetae but fabressei. The same authors divide A. fabressei into A. fabressei fabressei (C. Spain) and A. fabressei subbaeticus (SE. Spain) (Gil-T. & Gil-Uceda 2005) . It is unclear if differences in the number of large bivalents in populations of A. fabressei -two large and two medium bivalents (de Lesse 1960: fig. 2c ) and three large bivalents (Munguira et al. 1995;  this paper) -are real, subjective or an artifact of the karyotype preparation technique. It is possible that these differences reflect an asynchronous chromatin condensation in different chromosomes. Additionally, the manipulation of chromosomes during the second phase of karyotype analysis showed that the apparent size of bivalents, which was actually a two-dimensional projection of a three-dimensional figure, depended strongly on their spatial orientation (see: Figs 2-3) .
Thus, the current taxonomic arrangement of the Agrodiaetus dolus species group may be represented in the following way:
